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Communication: Combinatorial gradient techniques are
used to map the morphology dependence of thin symmetric
diblock copolymer films on film thickness and substrate
surface energy. An inversion from symmetric to anti-symme-
tric lamellar morphology occurs with a progressive change in
surface energy. An intermediate neutral region is found
between these limiting types of ordering. The width @ of
this transitional energy range scales as a power of copolymer
mass M, w o< M"Y,

Optical photograph of a combinatorial map of the thin-film
block-copolymer morphology on a film thickness and surface
energy gradient. Island and holes on the surface scatter light
causing the film to appear cloudy (lighter in color) in the areas
where they exist. The darker areas do not have surface
features and do not scatter light.
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Introduction

The self-organizational properties of block copolymers
make them attractive for nanoscale applications that build
on or exploit their molecularly tunable ordered morphol-
ogies.'"! These materials are also being increasingly utilized
in traditional surfactant applications, such as compatibili-
zers, thickeners, emulsifying agents and adhesives. Recent
work has shown that thin block copolymer films exhibit a
surface pattern formation over a wide range of scales
(nm to pm) that depend sensitively on film thickness,”> !
temperatulre,[5 41" molecular weight,[L1 1 and surface
energy.'%'2~13! An understanding of this behavior is essen-
tial to the continuing use of these materials, but this multi-
parameter space is large for exploration using conventional
techniques. This situation lends itself well to combinatorial
investigation of the essential factors that control surface
pattern formation.”*! The present study focuses specifi-
cally on the interplay between finite film thickness and
surface energetics for morphological control of the
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patterns. Specifically, we introduce combinatorial contin-
uous gradient methods (surface-energy thickness) for high-
throughput determination of block copolymer surface mor-
phology on a single test substrate.

Diblock copolymers are composed of two dissimilar
polymers covalently linked at their ends.!'®! As with many
polymers, the individual blocks do not tend to mix well
because of their low entropy of mixing, typically leading to
microphase separation on cooling. When the two blocks
have nearly the same polymerization index (‘‘symmetric
diblock copolymer’’), a lamellar morphology is formed
upon ordering. Previous work has shown that when
these polymers are cast as thin films, a preferential surface
interaction between one of the blocks and the substrate
causes the lamellae to become oriented parallel to the sub-
strate.'*!7~?%! These films are smooth when the film thick-
ness () is an integral multiple of the lamella thickness (L)
but have an incomplete surface lamella that forms islands or
holes of L, when the thickness deviates from this value.!>~
In addition to film thickness, the substrate surface energy
(y) may affect the morphology of the thin film.'?~!5-23-27]
When one block of the copolymer has an energetic pre-
ference for both the substrate and the polymer-air (*‘free’”)

Macromol. Rapid Commun. 2003, 24, No. 1

© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2003

1022-1336/2003/0101-131$17.50+.50/0

131



132

Macramolecular

Rapid Communicsitions

A. P. Smith, A. Sehgal, J. F. Douglas, A. Karim, E. J. Amis

surface, the values of the film thickness at which the film is
smooth /; is an integral multiple of the lamellar thickness
(hy=m-Ly; m is an integer) and such films are termed
“symmetric”’. The anti-symmetric boundary condition
occurs when one block prefers the substrate and the other
the free surface, leading to s = (m + 1/2) - L,. Somehow a
crossover between the symmetric and anti-symmetric orde-
ring must occur as the energetic preference for one block
changes over to the other. This crossover clearly has impli-
cations for surface-pattern formation. It is unclear what role
finite film thickness plays in this crossover. This motivates
our combinatorial investigation into surface-pattern for-
mation of the block copolymer using orthogonal gradients
in 4 and 7.

Experimental Part

A simple method for chemical modification combining
chlorosilane chemistry for covalent self-assembly of mono-
layers on silicon wafers and UV ozonolysis is used to
generate stable gradient energy test substrates. The Si
wafers (10 cm, n-type, ~500 pm thick, (100) orientation,
Wafer World Inc.”) were pre-cleaned and treated with UV/
ozone plasma (Jelight UVO-Cleaner™, Model 42) for (15 to
20) min to remove organic contamination and form an oxide
surface layer. The wafer was then placed in a solution of
octyldimethylchlorosilane (>95% mass fraction, M, =
206.83,° Gelest Inc.) with a mass fraction of 2.5% in toluene
for at least 45 min to form a self-assembled monolayer (SAM)
at the substrate surface.'”®! The substrate is thoroughly washed
with toluene and dried, and the SAM is then exposed to a
gradient of UV/ozone (UVO) radiation through a fused silica
linear variable neutral density filter (gradient evaporated inco-
nel, Maier Photonics, Inc.) or by accelerated exposure through
a slit. In the UVO photooxidation the short-wavelength UV
radiation (184.9 nm dissociates molecular oxygen, 253.7 nm
dissociates ozone) produces atomic oxygen from air. A
systematic change in optical density of the filter or the gradient
in UV dosage directly translates into the progressive variation
in the nominal concentration of ozone or atomic oxygen in
close proximity of the surface. The graded oxidative process
results in surface chemical modification by the generation of a
gradient in surface chemical moieties (carboxyl, carbonyl and
other oxygenated functionalities) across the sample.[26’28’29]
The surface chemical signature was characterized by high-
throughput time-of-flight secondary ion mass spectrometry
(ToF-SIMS) spectra acquired in an automated fashion.”®! The

Certain equipment, instruments and materials are identified to

adequately specify experimental details. Such identification
does not imply recommendation by the National Institute of
Standards and Technology.
According to ISO 31-8, the term “‘molecular weight’” has been
replaced by “relative molecular mass”, M. The conventional
notation, rather than the ISO notation, has been employed for
this publication.

change in surface energy induced by the addition of a surface
functionality gradient is evaluated by static contact-angle
measurements of water (0,) and diiodomethane (Ocy,;,)
droplets with a Kruss G2 contact-angle measuring system. A
representative set of these results is shown in Figure 1. Three
images (Figure la—c) of water droplets from various locations
on the substrate are shown along with a plot of 0, vs position
for the entire gradient (Figure 1d). The plot shows that 0,
varies linearly across the gradient. The surface energy (7, also
shown in Figure 1d) is estimated from the spatially resolved 0,
and Ocp,;, contact-angle measurements using the Good
and Girifalco geometric mean approximation (GMA)
method.#3%

Thin films of near symmetric polystyrene-block-poly-
(methyl methacrylate) (PS-6-PMMA) diblock copolymers
with three different molecular weights are cast onto these )
gradients. These materials were purchased from Polymer
Source Inc. and were used as received. The molecular char-
acteristics (as provided by the supplier) of each copolymer are
given in Table 1. The unreacted homopolymer contamination
is estimated to be less than 4% based on gel permeation
chromatography (GPC) and nuclear magnetic resonance
(NMR) data provided by the supplier. Thin films of the block
copolymer with a gradient in thickness were cast on the gra-
dient energy substrates from toluene solutions orthogonal to
the y, gradient using the flow-coating method described
previously.”**?! The orthogonal gradients of film thickness
and surface energy create an array of thousands of combina-
tions of test conditions (state points) of film thickness and
surface energy on a single substrate. For the experiments
presented here, solutions of mass fraction 2% to 4% were used
producing films with 4 ranging from 40 nm to 100 nm. Film
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Figure 1. Photographs of water droplets at position (a) 10 mm,

(b) 26 mm, and (c) 44 mm demonstrating the change in contact
angle as a function of position. (d) Plot of water contact angle
(solid line) and surface energy (dashed line) as a function of wafer
position showing the linear change as a function of position.
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Table 1. Molecular characteristics and derived neutral region
widths for the molecular weights employed in this study. Errors
given are the standard uncertainties.

Label M,S M,MMA M,/M, L o, FWHM
block block
g/mol g/mol nm mJ/m?
26k 12800 12900 1.05 17.1  0.97+0.16
51k 25300 25900 1.06 30.2 4.84+0.6
104k 50000 54000 1.04 423 13.6+2.1

thickness was characterized using an automated Filmetrics F20
UV-visible interferometer with 0.5 mm spot-size (with
standard uncertainty 1 nm at 500 nm film thickness) every
2 mm across the gradient sample. Samples were subsequently
annealed at 170 °C under vacuum for up to 96 h to allow
ordering of the film. Contour maps of film thickness and the
spatially resolved surface-energy measurements were used to
generate the co-ordinate matrix of test locations for subsequent
measurements. The surface patterns thus formed were then
studied using automated atomic force microscopy (AFM,
Digital Nanoscope Dimension 3100) along isoparametric lines
at predetermined co-ordinates to determine the effect of y and
h on the surface pattern morphology of the block copolymer.

Results and Discussion

The block copolymer morphology generated with the
combinatorial mapping is demonstrated in Figure 2, which
shows an optical photograph of an M =51k PS-b-PMMA
copolymer thin film with both & and 7, gradients. The h
increases from top to bottom and varies between 60 nm to
95 nm, while y, increases from left to right and varies
between 35.5 mJ/m? to 44.5 mJ/m?. The lighter areas of the
figure correspond to the formation of surface patterns
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Figure 2. Optical photograph of a combinatorial map of the thin-
film block-copolymer morphology on a film thickness and surface
energy gradient. Island and holes on the surface scatter light
causing the film to appear cloudy (lighter in color) in the areas
where they exist. The darker areas do not have surface features and
do not scatter light.

(islands and holes) which scatter visible light and make the
film appear cloudy. Areas that appear dark are regions that
have no surface features and are smooth such that they do
not scatter light. The region near the left side of the photo-
graph shows the morphology of the symmetric case, where
the PS block is near the substrate and the free surface.
Conversely, the right side of the photograph shows the
morphology of the anti-symmetric case, where PMMA is at
the substrate and PS is at the free interface. As expected,
is shifted by L,/2 (L,=30 nm for this molecular mass
polymer) when the block copolymer film changes from a
symmetric to anti-symmetric morphology.

The dark region near the left center of the photograph,
which exhibits no surface pattern formation for any #,
corresponds to the ‘“neutral” transitional surface energy
region, yg,. It has been found previously!'?~1232327] that
for certain surface energies both blocks of the copolymer
have a similar affinity for the substrate, i.e. the neutral sub-
strate. In this case, the polymer chains orient parallel to the
substrate surface such that the lamellae orient perpendi-
cular to the substrate in its vicinity.””*! The film surface re-
mains smooth for any / value in the neutral region centered
at yen &~ (38.2 + 0.8) mJ/m? (0, ~ 70.6°+ 1.5°), the average
value from 8 different samples of all three molecular
masses. The results match well with the neutral surface
energy value of 38.6 mJ/m?* estimated by Peters et al.l*”]
They arrived at the smooth neutral morphology at a constant
thickness by casting films on painstakingly prepared
individual test substrates where the interfacial energy of
each substrate is tuned by grafting different composition
random copolymer (PS-r-PMMA) brushes. The morphol-
ogy shown in Figure 2 is common to all three M values
and film thicknesses from (1.5 to 5) L, and demonstrates
how the h and 7, dependence of the block copolymer
morphology can be quickly mapped with combinatorial
methods.

After the block copolymer library has been formed it can
be characterized with higher resolution to investigate more
refined features of this type of pattern formation. If higher
magnification micrographs are acquired along a constant 7
track, the familiar progression from smooth surface to is-
lands to co-continuous to holes back to a smooth surface as
a function of & is found.>*!'°~211 Likewise, if a series of
micrographs are obtained from a constant & path, the
morphology is observed to change from symmetric to anti-
symmetric with the nature of the surface patterns formed
depending on /.""*! An example of this morphology change
is shown in Figure 3 where AFM images of an M =51k
block copolymer film acquired at 2~ 71 nm (2.37 L,) are
presented. The images were obtained in tapping mode and
have a common height scale (full range 50 nm) where the
brighter color indicates tall features and the dark color
indicates holes on the film surface. The labels in Figure 3
show the difference, Ay, in the surface energy of each micro-
graph location, y,, from the neutral point, y,, defined as
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Figure 3. AFM images obtained from a constant film thickness
(h ~71 nm) showing the inversion from island to hole morphology
as a function of surface energy. The images have a common height
scale (50 nm) and brighter features are islands and darker features
are holes. The Ay labels indicate the difference between the
substrate surface energy of the image location and the substrate
surface energy at the center of the neutral region.

Ay =y — ysn such that negative values of Ay correspond to
lower values of ). For h = 71 nm, the surface morphology is
expected to be islands for the symmetric energy conditions
(Ay < 0 for the block copolymer used here) and holes for the
anti-symmetric state (Ay >0) with a smooth surface in
between (Ay =0, i.e. at 7,). This expectation is confirmed
in Figure 3 where islands are found in the symmetric case
(Figure 3a), holes are found in the anti-symmetric case
(Figure 3i), and a relatively smooth region is found in
between (Figure 3e).

Further examination of Figure 3 reveals that the degree of
formation of the island and hole features is dependent on
Ay, an observation made significantly easier by using the
combinatorial gradient technique employed here. For small
values of Ay, the affinity of one block for the surface relative
to the other is weak and the surface features are small and
not well defined. As the magnitude of Ay increases, the
affinity to the surface of one block becomes stronger and the
formation of lamellae parallel to the substrate and subse-
quent surface pattern formation is enhanced. This behavior
is observed for all three molecular masses and for all
morphologies associated with changing /. Notably a
change of M affected the “width” of the neutral region,
w, such that for higher M the value of Ay for complete
pattern formation increased. To quantify this behavior,
the AFM micrographs were digitally analyzed to determine
the average feature (hole or island) size, 4, in each image.
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Figure 4. (a) Plot of the normalized feature size versus Ay for
M =26k (solid line), 51k (dashed line) and 104k (dotted line)
block copolymers showing how the width of the neutral region
changes as a function of molecular mass. Lines are least square fits
of an inverted Gaussian to the data. (b) Plot of FWHM (w) of
Gaussian fit curves in Figure 4a as a function of M(®w o M 19 The
error bars in the figure denote the standard uncertainties from the
Gaussian fits.

These values were normalized by the size of the features at
large Ay, A, and plotted as a function of Ay as shown in
Figure 4a. (The normalization of the feature size by A; was
performed to account for the large differences in size
between the holes and islands formed.) Figure 4a demon-
strates that the M = 26k sample has a much narrower neutral
region relative to the higher M samples. An inverted
Gaussian function was least-squares fit to the data (lines
in Figure 4a) and a full width at half peak maximum
(w=FWHM) value is obtained (given in Table 1) as a
measure of the magnitude of Ay for full feature formation.
These w values indicate that M has a significant effect on the
lamellae formation of the block copolymers near the neutral
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